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Available online 26 January 2011The aim of this study was to evaluate the effects of treadmill training on motor skills and
immunoreactivity to tyrosine hydroxylase in the substantia nigra pars compacta and
ventral tegmental area from diabetic rats induced by streptozotocin. Male Wistar rats were
divided into three groups: control, diabetic and trained diabetic. Treadmill training was
performed for 8 weeks. Blood glucose concentrations and body weight were evaluated 48 h
after diabetes induction and every 30 days thereafter. Motor skills were evaluated on the
rotarod and open field tests. Then, animals were transcardially perfused and the brains
were post-fixed, cryoprotected and sectioned in a cryostat. Immunohistochemistry for
tyrosine hydroxylase analyses was done in the ventral tegmental area and in the substantia
nigra. Motor skills showed that diabetic animals had a decrease in the latency to fall and
enhanced number of falls in the rotarod test compared to control and trained diabetic
animals. In the open field, diabetic animals had a decrease in the number of crossed
squares, rearings and spent a less time moving compared to control and trained diabetic
animals. In diabetic animals, optical densitometry of immunohistochemistry showed that
tyrosine hydroxylase reaction decreased in the ventral tegmental area and in the neurons
and process in the substantia nigra. In the later region, that decrease was reversed by
treadmill training. In conclusion, we demonstrated that treadmill training can reverse the
loss of the motor skills, which was correlated to tyrosine hydroxylase immunoreactivity in
the substantia nigra of diabetic animals without pharmacological treatment.
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Diabetes
Treadmill training
Motor skills
Immunohistochemistry
Substantia nigra
Tyrosine hydroxylaseCiências Morfológicas, ICBS, UFRGS. Rua Sarmento Leite 500, Porto Alegre-RS 90050-170, Brazil.
aval).
 the Elsevier OA license.
174 B R A I N R E S E A R C H 1 3 8 2 ( 2 0 1 1 ) 1 7 3 – 1 8 01. Introduction
Diabetes is associated with long-term damage, dysfunction,
and failure of different organs, especially the eyes, kidneys,
heart, blood vessels and nerve fibers (American Diabetes
Association, 2010a). Diabetic neuropathy is highly prevalent
and causes particularly significant morbidity to affected
patients (Tesfaye et al., 2010). Moreover, streptozotocin
(STZ)-induced diabetes in rats causes degenerative changes
in the autonomic nervous system (Schaan et al., 2004), sensory
neurons (Sidenius and Jakobsen, 1980; Fernyhough et al., 1999;
Zherebitskaya et al., 2009; do Nascimento et al., 2010), and
brain structures, such as the cerebellum (Anu et al., 2010) and
the substantia nigra pars compacta (SNpc; Figlewicz et al.,
1996), causing deficits in the autonomic, sensory and motor
systems.
The SNpc and the ventral tegmental area (VTA) are motor
structures that provide largely dopaminergic inputs to the
cortex, striatum and to a lesser extent, pallidum (Paxinos,
1995). These structures are vulnerable to damage caused by
exogenous toxins (McCormack et al., 2004), by aging, causing
motor impairment (Emborg et al., 1998; Stark and Pakkenberg,
2004), and also by hyperglycemia of diabetes in rats (Figlewicz
et al., 1996). Moreover, tyrosine hydroxylase (TH), which
catalyzes the conversion of L-tyrosine to L-dopa and is the
initial and rate-limiting step in the biosynthesis of catechola-
mines, has been used for the study of dopaminergic neurons
(Nakashima et al., 2009).
Although the beneficial effects of regular physical exercise
are well-known and used as part of the treatment of diabetic
patients (American Diabetes Association, 2010b), few data on
its efficacy in human diabetic neuropathy have been reported
(Balducci et al., 2006). In addition, some studies in rats have
shown the benefits of treadmill training in diabetes-induced
cardiovascular and autonomic dysfunction (De Angelis et al.,
2000; Harthmann et al., 2007), aswell as in sensory neuropathy
(do Nascimento et al., 2010). However, there are no data
available on the effectiveness of treadmill training on motor
deficits caused by diabetes in animals. Thus, the aim of this
study was to evaluate the effects of a treadmill training
protocol on motor skills and immunoreactivity to tyrosine
hydroxylase (TH-ir) in the SNpc and ventral tegmental area
(VTA) of rats with STZ-induced diabetes.Table 1 – Time course changes in body weight and blood gluco
Body weight and blood gluc
Group 48 h 30 days
Weight (g) Glycemia
(mg/dL)
Weight (g) Glycemia
(mg/dL)
C 298.0±5.1 86.3±4.6 351.3±3.9 89.8±2.5
D 295.0±4.6 380.2±22.1 ⁎ 253.3±16.7 ⁎ 526.0±23.5
TD 305.8±6.5 365.2±17.1 ⁎ 281.3±5.6 ⁎ 485.1±37.3
C: control group; D: diabetic group; TD: trained diabetic group. Body wei
time effect [F(3,45)=42.702; P<0.001], time vs. group interaction [F(6,45)=42.70
405.504; P<0.001], time effect [F(3,45)=22.611; P<0. 001], time vs. group int
⁎ corresponds to P<0.001 compared to the C group.2. Results
2.1. Body weight and blood glucose concentrations
There were no differences in the body weight between the C
(298±5.1), D (295±4.6) and TD (305.8±6.5) groups 48 h before
diabetes induction (P>0.05). Moreover, 30, 60 and 90 days
after diabetes induction, rats from the D (253.3±16.7; 238±16;
237.7±15.7 respectively) and TD groups (281.3±5.6; 269.7±9;
277.7±11 respectively) showed lower body weight than the C
group (351.3±3.9; 383.7±3.2; 406±2.9 respectively; P<0.001;
Table 1).
As expected, 48 h after diabetes induction, blood glucose
was higher in the diabetic groups (D and TD; 380.2±22.1 and
365.2±17.1 respectively) vs. the C group (86.3±4.6; P<0.001).
In addition, the D and TD groups showed higher blood
glucose than C group 30 (526±23.5; 485.1±37.3; 89.8±2.5
respectively; P<0.001), 60 (521.5±11.5; 512±17.6; 88.8±2.2
respectively; P<0.001) and 90 (514.7±18.7; 500.7±22.4; 94±2.7
respectively; P<0.001) days later. However, there were no
differences between the D and TD groups in any of these
variables (P>0.05; Table 1).
2.2. Motor skills
2.2.1. Rotarod test
Animals from group D presented a lower latency to fall
(37.5±3.2) as compared to those in the C (56.6±1.7; P<0.001)
and TD groups (53.4±2.3; P<0.001). There were no differ-
ences between the C and TD groups (P>0.05; Fig. 1a). In
addition, the D group (4.2±0.3) was seen to fall more
frequently than the C (0.8±0.3; P<0.001) and TD (1.7±0.5;
P<0.001) groups. However, there were no differences
between the C and TD groups (P>0.05; Fig. 1b).
2.2.2. Open field test
The number of squares crossed by animals from the D group
(10.1±1.4) was lower than in the C (22.1±3.5; P<0.05) and TD
groups (29.4±3.9; P<0.001). Therewere no differences between
the C and TD groups (P>0.05; Fig. 2a). Furthermore, in the open
field, the D group spent less time (15.3±2.4) moving than the C
(33.7±3.1; P<0.05) and TD groups (34.2±4.8; P<0.001). There
were no differences between the C and TD groups (P>0.05;se in the studied rats.
ose in the studied groups
60 days 90 days
Weight (g) Glycemia
(mg/dL)
Weight (g) Glycemia
(mg/dL)
383.7±3.2 88.8±2.2 406±2.9 94±2.7
⁎ 238.0±16 ⁎ 521.5±11.5 ⁎ 237.7±15.7 ⁎ 514.7±18.7 ⁎
⁎ 269.7±9 ⁎ 512.0±17.6 ⁎ 277.7±11 ⁎ 500.7±22.4 ⁎
ght: repeated measures ANOVA group effect [F(2,15)=48.208; P<0.001],
2; P<0.001]. Glycemia: repeatedmeasures ANOVA group effect [F(2,15)=
eraction [F(6,45)=5.313; P<0.001].
Fig. 1 – a: Latency to fall in the rotarod test. One way ANOVA
[P<0.001; F(2,25)=16, 548] with Bonferroni post hoc test.
* corresponds to P<0.001 compared to the C and TD groups.
b: Number of falls in the rotarod test. One way ANOVA
[P<0.001; F(2,25)=19, 70,120] with Bonferroni post hoc test.
* corresponds to P<0.001 compared to the C and TD groups.
Fig. 2 – a: Number of crossed squares in the open field. One
way ANOVA [P<0.001; F(2,30)=11, 9815] with Bonferroni post
hoc test. * corresponds to P<0.05 compared to the C and TD
groups. b: Mean time spent moving in the open field. One
way ANOVA [P<0.001; F(2,30)=9, 8645] with Bonferroni post
hoc test. * corresponds to P<0.05 compared to the C and TD
groups. c: Number of rearings in the open field. One way
ANOVA [P<0.001; F(2,30)=5, 3100] with Bonferroni post hoc
test. * corresponds to P<0.05 compared to the C and TD
groups.
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than the C (6.0±1.1; P<0.05) and TD (5.9±0.6; P<0.05) groups.
There were no differences between the C and TD groups
(P>0.05; Fig. 2c).
2.3. Optical densitometry of TH-ir
The OD analysis of the VTA showed that the TH-ir was lower
in the neurons and processes from the D group (0.44±0.01)
than in group C (0.51±0.01; P<0.05). However, there were no
differences between the TD (0.5±0.02) and C groups (P=1.0), or
between the TD and D groups (P=0.08; Fig. 3a).
Interestingly, the OD analysis of the SNpc showed that the
TH-ir of neurons and processes in the D group (0.35±0.01) was
lower than in the C (0.42±0.01; P<0.05) and TD groups (0.43±
0.01; P<0.05). However, there were no differences between C
and TD groups (P>0.05; Fig. 3b). Images from the groups are
shown in Fig. 3c.3. Discussion
The present study showed that treadmill training alone, with
no pharmacological intervention, can reverse the loss of
motor skills previously induced by STZ in rats, an improve-
ment that was associated with tyrosine hydroxylase immu-
noreactivity changes in the substantia nigra and ventral
tegmental area.As expected, diabetic rats induced by STZ displayed higher
blood glucose levels and lower body weights when compared
to control animals. The treadmill training did not reduce blood
glucose nor body weights, which is in accordance with
previous results from our (do Nascimento et al., 2010) and
other group (Midaoui et al., 2006), showing that physical
training alone is not able to significantly improve metabolic
control in these animals.
In the rotarod test, diabetic animals performed less well
than the control and trained diabetic animals, showing lower
latency to fall and a greater number of falls during the test.
This task tests locomotion and coordination (Dunham and
Miya, 1957); thus, it is evident that diabetic animals had a
decrease in the motor coordination, affecting motor systems,
as previously shown (Peeyush et al., 2009; Abraham et al.,
2010). Interestingly, trained diabetics performed as well as
Fig. 3 – a: TH immunoreactivity (TH-ir) in the ventral tegmental area (VTA). One way ANOVA [P<0.05; F(2,15)=4, 681] with
Bonferroni post hoc test. * corresponds to P<0.05 compared to the C group. b: TH immunoreactivity (TH-ir) in the substantia nigra
pars compacta (SNpc). Oneway ANOVA [P<0.001; F(2,15)=8, 912] with Bonferroni post hoc test. ** corresponds to P<0.05 compared
to the C and TD groups. c: Digitalized images of coronal sections of substantia nigra pars compacta (SNpc) and ventral tegmental
area (VTA) in C, D and TD animals showing the TH immunoreactivity in neurons and processes. Note the decreased
immunoreaction in the VTA and SNpc from the D animal. In the image from the TD animal, note the lower immunoreaction in
the VTA, compared to C animal, and the immunoreaction in the SNpc which is similar to the C animal. Scale bar: 300 μm.
176 B R A I N R E S E A R C H 1 3 8 2 ( 2 0 1 1 ) 1 7 3 – 1 8 0nondiabetic rats in this test, showing that exercise was able to
reverse motor dysfunction and coordination deficits deter-
mined by diabetes, a finding not described before.
In the open field task, diabetic animals were seen to spend
less time moving, crossed fewer squares and reared less
frequently than the animals in the C and TD groups. All of
these results demonstrate that diabetic animals were brady-
kinetics, resulting in a less exploratory behavior. Our results
from bothmotor tasks, as well as themodification in the TH-ir
from neurons and processes of SNpc in STZ-diabetic rats
suggest the involvement of the motor centers of the brain in
the altered motor activity.
Additionally, in our study, the diabetic animals were seen
to have a lower TH-ir in the VTA, probably giving rise to lower
production of dopamine. However, although treadmill train-
ing improved motor skills, it was unable to reverse the
decrease in TH-ir in the VTA. Moreover, the VTA plays a
central role in multiple critical brain functions, including
cognition, motivation, reward (Nieoullon, 2002; Wise, 2004;
Fields et al., 2007) and together with the SNpc influences
locomotor activity (Paxinos, 1995; Schultz, 2007). However,
there are differences in the morphological and electrophysi-
ological properties of the dopaminergic neurons in these two
regions, such as in the ionic channels (Neuhoff et al., 2002;
Khaliq and Bean, 2010), which can cause different responses to
injury and physical activity. In addition, although the tread-
mill training did not completely reverse the decrease in the
VTA-ir, there was a strong trend toward normal values.
The SNpc provides dopaminergic inputs to the cortex,
striatum and pallidum, which facilitate most loops and
outputs in the extrapyramidal motor system (Paxinos, 1995).
However, the untrained diabetic rats had lower TH-ir in the
SNpc, which is in agreement with a previous study, in which
diabetic animals were found to have lower TH mRNA levels
in the SNpc/VTA (Figlewicz et al., 1996). This decrease in THreaction could be explained by changes in the total number
of cells, in the total number of immunoreactive cells, in the
immunostained area and/or by changes in intracellular
immunoreactivity, as observed in an animal model of
Parkinson's disease (Xavier et al., 2005). Interestingly,
hyperglycemia causes oxidative stress and mitochondrial
dysfunction (Mastrocola et al., 2005), leading to vascular
damage and consequently hypoxia in the brain (Muresanu et
al., 2010), which may contribute to neuronal death or
reduced dopamine production, causing a decrease in the
TH-ir in neurons and processes. Thus, in our study, STZ-
diabetic rats presented motor alterations that were modified
by treadmill training which recuperates TH-ir in the SNpc,
contributing to the maintenance of the extrapyramidal
motor system of these rats.
On the other hand, brain derived neurotrophic factor
(BDNF) is a neurotrophin that is enhanced by physical exercise
in the hippocampus and is associated with the object
recognition memory (Hopkins and Bucci, 2010) and improve-
ment in the spatial memory (Khabour et al., 2010). Exercise
alters the BDNF expression in the spinal cord of adult rats
(Macias et al., 2007), in the cerebellum and motor cortex
(Klintsova et al., 2004). In addition, BDNF also regulates early
postnatal cell death in the SNpc (Oo et al., 2009), and exercise
exerts a neuroprotective effect in an animal model of
Parkinson's disease (Yoon et al., 2007; Tajiri et al., 2010).
Given this, we hypothesized that the improvement in the
motor skills and in the TH-ir provided by the treadmill training
in the STZ-diabetic rats could be caused by the BDNF
downstream effects.
3.1. Conclusions
In summary, our results show that diabetes induced by STZ
causes motor abnormalities and reduced TH-ir in the SNpc.
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behavior, which is accompanied by changes in TH-ir in the
SNpc, but not in the VTA.4. Experimental procedures
4.1. Animals
Thirty three male Wistar rats (12 weeks old) from a local
breeding colony (ICBS, Universidade Federal do Rio Grande do
Sul) were housed under standard laboratory conditions with
food and water available ad libitum and maintained under a
12:12 light/dark cycle (lights on at 8:00 h). All efforts were
made to minimize the number of animals studied and their
suffering. The animals were cared for in accordance with
Arouca Brazilian law (11794/2008) and the recommendations
of the Brazilian Society for Neurosciences, Review Committee
of the School of Veterinary Surgery, University of Buenos
Aires, and the International Brain Research Organization, and
in compliance with the National Institute of Health's Guide-
lines for Care and Use of Laboratory Animals (publication no.
85-23, revised 1985). This study was previously approved by
the Ethical Committee fromUFRGS under the protocol number
2008-062.
4.2. Experimental design
The rats were divided in three groups as follows: non-diabetic
rats (C), diabetic rats (D) and diabetic rats submitted to
treadmill training (TD). For analyses of motor skill in the
rotarod, 10 animals were used in group C, 8 animals in group D
and 10 animals in group TD. In the open field, 9 animals were
used in group C, 13 animals in groupD and 11 animals in group
TD. Six animals per group were randomly selected for
immunohistochemistry studies.
4.3. Diabetes induction
After an overnight fasting period (6 h), the rats received a
single intravenous injection of STZ (50 mg/kg of body weight;
Sigma Chemical Co., USA) diluted in 10 mM citrate buffer, pH
4.5. Non-diabetic animals received only citrate buffer (Junod
et al., 1969; do Nascimento et al., 2010). Blood glucose
concentrations were evaluated in blood collected from the
rat-tail using test strips (Performa, Roche, Indianapolis, USA).
Diabetes was defined as a fasting glucose >300 mg/dL in tail
vein blood 48 h after STZ injection (Junod et al., 1969). Body
weights and blood glucose concentrations were measured
48 h after the induction of diabetes and every 30 days
thereafter.
4.4. Maximal exercise test
At the 4th week after diabetes induction, all animals
underwent adaptation to a treadmill originally designed for
human use (Runner, Brazil) and modified for use in rats
during 10 minutes at 5 m/min for 4 days. On the 5th day, the
rats were submitted to a maximal exercise test (MET),
consisting of a graded exercise on the treadmill, withspeed increments of 5 m/min every 3 minutes, starting at
5 m/min and continuing up to the maximal intensity
attained by each rat, and was stopped when each animal
remained more than 50% of the time without giving signs of
intention to advance (Melo et al., 2003; Rodrigues et al., 2007;
Ilha et al., 2008; do Nascimento et al., 2010). The values
obtained in the MET were used to plan the treadmill training
program, which started in the 5th week after diabetes
induction. In order to correct the exercise intensity, a second
MET was performed in the fifth training week.
4.5. Treadmill training
Exercise was performed on a treadmill twice a day, with an
interval of 4 h between each session, 5 days per week
(Tancrède et al., 1982), and the training intensity increased
gradually, according to the MET results. During the first week,
the running sessions lasted 10 min, and the duration of each
increased each week, reaching 60 min in the 7th week, which
was maintained until the 8th week. Moreover, each training
session consisted of a warm-up period, a main period and a
cooling-off period. During the warm up period, the rats ran
15% of the session time at 30% of the maximum velocity
determined by theMET; in themain period, the rats ran 70% of
the session time at 60% of the maximum velocity; and in the
cooling-off period, the rats ran 15% of the session time at 30%
of the maximum MET values.
4.6. Motor skills
4.6.1. Rotarod test
On the day after the last session of treadmill training, the rats
were trained to remain on the rota rod apparatus (Insight,
Brazil) with the speed adjusted to 12 rpm for 60 s. The
following day, the selected rats were tested in the apparatus
with the speed adjusted to 16 rpm for 5 sixty-second trials
(modified from Linck et al., 2009). The latency to fall (data
presented as the mean of the 5 trials) and the number of falls
were evaluated.
4.6.2. Open field test
The rats were gently placed in the corner of a
40 cm×50 cm×60 cm box, in which the floor was divided
into 12 squares, and then filmed with a digital camcorder
(DCR-SR47, Sony, Japan) for 3 min (modified from Moreira et
al., 2010). The number of crossings from one square to
another, the time spent moving, and the number of rearings
were counted.
4.7. Immunohistochemical procedure
One day after the analyses of the motor skills, rats were
anesthetized with sodium thiopental (i.p; 50 mg/kg; Cristalia,
Brazil). Heparin (1000 IU; Cristalia, Brazil) was injected into
the left cardiac ventricle, then the animals were transcar-
dially perfused through the left ventricle using a peristaltic
pump (Control Company, Brazil, 20 mL/min) with 400 mL of
0.9% saline solution, followed by 400 mL of a fixative
solution 4% paraformaldehyde (Synth, Brazil) in 0.1 M
phosphate buffer, pH 7.4 (PB). The brains were removed
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temperature for 4 h and cryoprotected by immersion in a
15% and 30% sucrose (Synth, Brazil) solution in PB at 4 °C
until they sank. After these procedures, the brains were
quickly frozen in isopentane (Merck, Germany) cooled in
liquid nitrogen and kept in a freezer (−70 °C) for further
analyses.
Coronal sections (50 μm) from VTA and SNpc were obtained
from each brain using a cryostat (CM1850, Leica, Germany) at
−20 °C and collected in a PB saline (PBS), pH 7.4. These areas
were identified using Paxinos and Watson's Atlas (1998). The
free-floating sections were pre-treated with 3% hydrogen
peroxide for 30 min, carefully washed and treated with 2%
bovine serum albumin (Inlab, Brazil) in PBS containing 0.4%
Triton X-100 (PBS-Tx) for 30 min and incubated with monoclo-
nal TH antibody (Sigma Chemical Co., USA) raised in mice,
diluted 1:2000 in PBS-Tx for 48 h at 4 °C.
Sections were again washed in PBS-Tx and incubated in
an anti-mouse antibody conjugated with peroxidase (Sigma
Chemical Co., USA) diluted 1:200 in PBS-Tx for 2 h at room
temperature. The reaction was revealed in a medium
containing 0.06% 3,3′-diaminobenzidine (DAB, Sigma Chem-
ical Co., USA) dissolved in PBS for 10 min and then 1 μL of 3%
H2O2/mL was added to the DAB medium for an additional
10 min. Finally, the sections were rinsed in PBS, dehydrated
in ethanol, cleared with xylene and covered with Entellan
(Merck, Germany) and coverslips. Control sections were
prepared omitting the primary antibody by replacing it
with PBS.
4.8. Optical densitometry
Semi-quantitative densitometric analysis was used to mea-
sure the intensity of the TH immunoreaction using a Nikon
Optiphot-2 microscope (40×, Japan) coupled to a Micro-
metrics camera (Accu Scope, USA) and Image Pro Plus
Software 6.0 (Media Cybernetics, USA). The digitized images
obtained from the selected areas were converted to an 8-bit
gray scale (0–255 gray levels). All lighting conditions and
magnifications were held constant. Picture elements (pixels)
employed to measure optical density were obtained from
squares measuring 9680 μm2 (area of interest, AOI) overlaid
on the gray scale image. Both left and right sides of each
brain were used. For each rat, 10 measures were taken from
the VTA and 10 measures each from the medial, lateral and
intermediary regions of the SNpc. The results shown for the
SNpc were the total mean value from the three studied
regions.
Background staining subtraction and correction were
done in accordance with our previous published protocol
(Xavier et al., 2005).
The optical density (OD) was calculated using the following
formula:
OD x;yð Þ = −log INT x;yð Þ−BLð Þ½ = INC−BLð Þ
Where “OD(x,y)” is the optical density at pixel(x,y), “INT(x,y)”
or intensity is the intensity at pixel(x,y), “BL” or black is the
intensity generated when no light goes through the material
and “INC” is the intensity of the incidental light.4.9. Statistical analysis
Blood glucose and body weight data were analyzed using
repeated measures analysis of variance (ANOVA), and
differences between the groups were assessed using the
Bonferroni post-hoc test. Data obtained from motor skills
tests, as well as optical densitometry of TH-ir were analyzed
using one-way ANOVA and Bonferroni post-hoc test. Statis-
tical significance was set at P<0.05. Data were run on
Statistica 6.0 software package (StatSoft, Inc., USA). All data
are represented by the mean±standard error of mean (SEM).Acknowledgments
We thank Antônio Generoso Severino for his technical
assistance. This study was supported by grants from CNPq
and CAPES. P.S. do Nascimento was supported by a Ph.D.
scholarship from CNPq, M. Achaval and B.D. Schaan are CNPq
investigators. We are in debt with Roche, who donated us the
test strips.R E F E R E N C E S
Abraham, P.M., Paul, J., Paulose, C.S., 2010. Down regulation of
cerebellar serotonergic receptors in streptozotocin induced
diabetic rats: effect of pyridoxine and Aegle marmelose. Brain
Res. Bull. 82, 87–94.
American Diabetes Association, 2010a. Diagnosis and classification
of diabetes mellitus. Diab. Care 33, S62–S69.
American Diabetes Association, 2010b. Standards of medical care
in diabetes. Diab. Care 33, S11–S61.
Anu, J., Kumar, T.P., Nandhu, M.S., Paulose, C.S., 2010. Enhanced
NMDAR1, NMDA2B and mGlu5 receptors gene expression
in the cerebellum of insulin induced hypoglycaemic and
streptozotocin induced diabetic rats. Eur. J. Pharmacol. 630,
61–68.
Balducci, S., Iacobellis, G., Parisi, L., Di Biase, N., Calandriello, E.,
Leonetti, F., Fallucca, F., 2006. Exercise training can modify the
natural history of diabetic peripheral neuropathy. J. Diab.
Complicat. 20, 216–223.
De Angelis, K.L.D., Oliveira, A.R., Dall'Ago, P., Peixoto, L.R.,
Gadonski, G., Lacchini, S., Fernandes, T.G., Irigoyen, M.C., 2000.
Effects of exercise training on autonomic and myocardial
dysfunction in streptozotocin-diabetic rats. Braz. J. Med. Biol.
Res. 33, 635–641.
do Nascimento, P.S., Malysz, T., Ilha, J., Araujo, R.T., Hermel, E.E.S.,
Kalil-Gaspar, P.I., Faccioni-Heuser, M.C., Schaan, B.D., Achaval,
M., 2010. Treadmill training increases the size of A cells from
the L5 dorsal root ganglia in diabetic rats. Histol. Histopathol.
25, 719–732.
Dunham, N.W., Miya, T.S., 1957. A note on a simple apparatus for
detecting neurological deficit in rats and mice. J. Am. Pharm.
Assoc. Am. Pharm. Assoc. (Baltim). 46, 208–209.
Emborg, M.E., Ma, S.Y., Mufson, E.J., Levey, A.I., Taylor, M.D.,
Brown, W.D., Holden, J.E., Kordower, J.H., 1998. Age-related
declines in nigral neuronal function correlate with
motor impairments in rhesus monkeys. J. Comp. Neurol. 401,
253–265.
Fernyhough, P., Gallagher, A., Averill, S.A., Priestley, J.V., Hounsom,
L., Patel, J., Tomlinson, D.R., 1999. Aberrant neurofilament
phosphorylation in sensory neurons of rats with diabetic
neuropathy. Diabetes 48, 881–889.
179B R A I N R E S E A R C H 1 3 8 2 ( 2 0 1 1 ) 1 7 3 – 1 8 0Fields, H.L., Hjelmstad, G.O., Margolis, E.B., Nicola, S.M., 2007.
Ventral tegmental area neurons in learned appetitive
behavior and positive reinforcement. Annu. Rev. Neurosci. 30,
289–316.
Figlewicz, D.P., Brot, M.D., McCall, A.L., Szot, P., 1996. Diabetes
causes differential changes in CNS noradrenergic and
dopaminergic neurons in the rat: a molecular study. Brain Res.
736, 54–60.
Harthmann, A.D., De Angelis, K., Costa, L.P., Senador, D., Schaan,
B.D., Krieger, E.M., Irigoyen, M.C., 2007. Exercise training
improves arterial baro- and chemoreflex in control and
diabetic rats. Auton. Neurosci. 133, 115–120.
Hopkins, M.E., Bucci, D.J., 2010. BDNF expression in perirhinal
cortex is associated with exercise-induced improvement in
object recognition memory. Neurobiol. Learn. Mem. 94,
278–284.
Ilha, J., Araujo, R.T., Malysz, T., Hermel, E.E., Rigon, P., Xavier, L.L.,
Achaval, M., 2008. Endurance and resistance exercise training
programs elicit specific effects on sciatic nerve regeneration
after experimental traumatic lesion in rats. Neurorehabil.
Neural Repair 22, 355–366.
Junod, A., Lambert, A.E., Stauffacher, W., Renold, A.E., 1969.
Diabetogenic action of streptozotocin: relationship of dose to
metabolic response. J. Clin. Invest. 48, 2129–2139.
Khaliq, Z.M., Bean, B.P., 2010. Pacemaking in dopaminergic ventral
tegmental area neurons: depolarizing drive from background
and voltage-dependent sodium conductances. J. Neurosci. 30,
7401–7413.
Khabour, O.F., Alzoubi, K.H., Alomari, M.A., Alzubi, M.A., 2010.
Changes in spatial memory and BDNF expression to concur-
rent dietary restriction and voluntary exercise. Hippocampus
20, 637–645.
Klintsova, A.Y., Dickson, E., Yoshida, R., Greenough, W.T., 2004.
Altered expression of BDNF and its high-affinity receptor TrkB
in response to complex motor learning and moderate exercise.
Brain Res. 1028, 92–104.
Linck, V.M., da Silva, A.L., Figueiró, M., Piato, A.L., Herrmann, A.P.,
Dupont Birck, F., Caramão, E.B., Nunes, D.S., Moreno, P.R.,
Elisabetsky, E., 2009. Inhaled linalool-induced sedation inmice.
Phytomedicine 16, 303–307.
Macias, M., Dwornik, A., Ziemlinska, E., Fehr, S., Schachner, M.,
Czarkowska-Bauch, J., Skup, M., 2007. Locomotor exercise
alters expression of pro-brain-derived neurotrophic
factor, brain-derived neurotrophic factor and its receptor
TrkB in the spinal cord of adult rats. Eur. J. Neurosci. 25,
2425–2444.
Mastrocola, R., Restivo, F., Vercellinatto, I., Danni, O., Brignardello,
E., Aragno, M., Boccuzzi, G., 2005. Oxidative and nitrosative
stress in brain mitochondria of diabetic rats. J. Endocrinol. 187,
37–44.
McCormack, A.L., Di Monte, D.A., Delfani, K., Irwin, I., DeLanney,
L.E., Langston, W.J., Janson, A.M., 2004. Aging of the
nigrostriatal system in the squirrel monkey. J. Comp. Neurol.
471, 387–395.
Melo, R.M., Martinho, E., Michelini, L.C., 2003. Training-induced,
pressure-lowering effect in SHR. Wide effects on circulatory
profile of exercised and nonexercised muscles. Hypertension
42, 851–857.
Midaoui, A.E., Chiasson, J.L., Tancrède, G., Nadeau, A., 2006.
Physical training reverses the increased activity of the
hepatic ketone body synthesis pathway in chronically
diabetic rats. Am. J. Physiol. Endocrinol. Metab. 290,
E207–E212.
Moreira, J.D., Knorr, L., Ganzella, M., Thomazi, A.P., de Souza, C.G.,
de Souza, D.G., Pitta, C.F., Mello e Souza, T., Wofchuk, S.,
Elisabetsky, E., Vinadé, L., Perry, M.L., Souza, D.O., 2010.
Omega-3 fatty acids deprivation affects ontogeny of
glutamatergic synapses in rats: relevance for behavior
alterations. Neurochem. Int. 56, 753–759.Muresanu, D.F., Sharma, A., Sharma, H.S., 2010. Diabetes
aggravates heat stress-induced blood-brain barrier breakdown,
reduction in cerebral blood flow, edema formation, and brain
pathology: possible neuroprotection with growth hormone.
Ann. NY Acad. Sci. 1199, 15–26.
Nakashima, A., Hayashi, N., Kaneko, Y.S., Mori, K., Sabban, E.L.,
Nagatsu, T., Ota, A., 2009. Role of N-terminus of tyrosine
hydroxylase in the biosynthesis of catecholamines. J. Neural
Transm. 116, 1355–1362.
Neuhoff, H., Neu, A., Liss, B., Roeper, J., 2002. Ih channels
contribute to the different functional properties of identified
dopaminergic subpopulations in the midbrain. J. Neurosci. 22,
1290–1302.
Nieoullon, A., 2002. Dopamine and the regulation of cognition and
attention. Prog. Neurobiol. 67, 53–83.
Oo, T.F., Marchionini, D.M., Yarygina, O., O'Leary, P.D., Hughes,
R.A., Kholodilov, N., Burke, R.E., 2009. Brain-derived
neurotrophic factor regulates early postnatal developmental
cell death of dopamine neurons of the substantia nigra in
vivo. Mol. Cell. Neurosci. 41, 440–447.
Paxinos, G., 1995. The rat nervous system, second ed. Academic
Press, San Diego.
Paxinos, G., Watson, C., 1998. The rat brain in stereotaxic
coordinates. Academic Press, San Diego.
Peeyush, K.T., Gireesh, G., Jobin, M., Paulose, C.S., 2009.
Neuroprotective role of curcumin in the cerebellum of
streptozotocin-induced diabetic rats. Life Sci. 85, 704–710.
Rodrigues, B., Figueroa, D.M., Mostarda, C.T., Heeren, M.V.,
Irigoyen, M.C., De Angelis, K., 2007. Maximal exercise test is a
useful method for physical capacity and oxygen consumption
determination in streptozotocin-diabetic rats. Cardiovasc.
Diabetol. 6, 1–7.
Schaan, B.D., Dall'Ago, P., Maeda, C.Y., Ferlin, E., Fernandes, T.G.,
Schmid, H., Irigoyen, C., 2004. Relationship between
cardiovascular dysfunction and hyperglycemia in
streptozotocin-induced diabetes in rats. Braz. J. Med. Biol. Res.
37, 1895–1902.
Schultz, W., 2007. Multiple dopamine functions at different time
courses. Annu. Rev. Neurosci. 30, 259–288.
Stark, A.K., Pakkenberg, B., 2004. Histological changes of the
dopaminergic nigrostriatal system in aging. Cell Tissue Res.
318, 81–92.
Sidenius, P., Jakobsen, J., 1980. Reduced perikaryal volume of lower
motor and primary sensory neurons in early experimental
diabetes. Diabetes 29, 182–187.
Tajiri, N., Yasuhara, T., Shingo, T., Kondo, A., Yuan, W., Kadota, T.,
Wang, F., Baba, T., Tayra, J.T., Morimoto, T., Jing, M., Kikuchi, Y.,
Kuramoto, S., Agari, T., Miyoshi, Y., Fujino, H., Obata, F.,
Takeda, I., Furuta, T., Date, I., 2010. Exercise exerts
neuroprotective effects on Parkinson's disease model of rats.
Brain Res. 1310, 200–207.
Tancrède, G., Rousseau-Migneron, S., Nadeau, A., 1982. Beneficial
effects of physical training in rats with a mild
streptozotocin-induced diabetes mellitus. Diabetes 31,
406–409.
Tesfaye, S., Boulton, A.J., Dyck, P.J., Freeman, R., Horowitz, M.,
Kempler, P., Lauria, G., Malik, R.A., Spallone, V., Vinik, A.,
Bernardi, L., Valensi, P., Toronto Diabetic Neuropathy Expert
Group, 2010. Diabetic neuropathies: update on definitions,
diagnostic criteria, estimation of severity, and treatments.
Diabetes Care 33, 2285–2293.
Wise, R.A., 2004. Dopamine, learning and motivation. Nat. Rev.
Neurosci. 5, 483–494.
Xavier, L.L., Viola, G.G., Ferraz, A.C., Da Cunha, C., Deonizio, J.M.D.,
Netto, C.A., Achaval, M., 2005. A simple and fast densitometric
method for the analysis of tyrosine hydroxylase
immunoreactivity in the substantia nigra pars compacta and
in the ventral tegmental area. Brain Res. Brain Res. Protoc. 16,
58–64.
180 B R A I N R E S E A R C H 1 3 8 2 ( 2 0 1 1 ) 1 7 3 – 1 8 0Yoon, M.C., Shin, M.S., Kim, T.S., Kim, B.K., Ko, I.G., Sung, Y.H., Kim,
S.E., Lee, H.H., Kim, Y.P., Kim, C.J., 2007. Treadmill exercise
suppresses nigrostriatal dopaminergic neuronal loss in
6-hydroxydopamine-induced Parkinson's rats. Neurosci. Lett.
423, 12–17.Zherebitskaya, E., Akude, E., Smith, D.R., Fernyhough, P., 2009.
Development of selective axonopathy in adult
sensory neurons isolated from diabetic rats: role of
glucose-induced oxidative stress. Diabetes 58,
1356–1364.
